Increasing surface temperature has resulted in significant changes in rainfall patterns. This paper presents the projection of the future extreme rainfall based on a statistical downscaling model for a global super-high-resolution climate model output. The downscaling model is formulated with the consideration of physical processes that govern heavy rainfall patterns. A case study is examined for nine observation sites in the Vu Gia-Thu Bon river basin in Central Vietnam. Results show that by the end of this century (2075-2099) heavy rainfall is projected to increase for the entire basin. Especially in elevated locations, it is very likely that extreme rainfall will increase about 30% relative to the present-day climate ; the future rainfall with 10-yr return period will greatly exceed those with 25-yr under the present-day climate conditions. Meanwhile, a slight increase of extreme rainfall is projected for low-lying places along the coastline.
INTRODUCTION
Rising temperature has been enhancing rainfall as a result of increases of water vapor in the atmosphere. Statistics exhibit that the rising temperature was observed for the entire globe, approximately 0.74 O C for the last 100 years; yet, it has resulted in increases in rainfall in most places. By the end of this century when the average surface temperature is predicted to increase by 2.8 O C relative to the late decades of the 20 th century according to the scenario A1B simulation, the future rainfall is expected to rise significantly, especially the increase of extreme rainfall, with high confidences as projected by most general circulation models (GCMs) 1) . As a result, it will greatly affect on river basin planning and management with respect to the determination of scales of flood control structures, for instance, given greater frequencies of extremely high streamflow.
To date, the scales of most flood control structures have been determined under the consideration of rainfall variability, but variation properties are constant with time 2) . Frequency curves for rainfall have been established based on variations of the rainfall recorded in the past. They are perhaps no longer valid under a changing climate; as it has been found that most extreme events occurred in the last several decades were distributed beyond the margins of those observed in the last century 3) . Explorations of future change in extreme rainfall as a consequence of climate change have commenced for several decades. In the early stage, most studies were based on GCMs which are designed for large space-and time-scales climate analyses while extreme events are usually associated with local scales 4), 5) . Recently, as computational capacity increased, a super-high-resolution climate model has been experimented for further analyses of the future global climate, especially the prognoses of local scale extremes. The state-of-the-art super-high-resolution climate model has demonstrated its breakthrough ability to simulate heavy rainfall patterns due to the inclusion of effects of topography and enhanced parameterization schemes in formulation of the experimental model. However, again, given the nature of climate models, they were designed to simulate the tendency of future climate states rather than a precise projection which an event would happen 3) . Applying model output for the analysis of rainfall, thus, requires model bias adjustments. In which a scaling method 6)7) or a scaling method with considerations of first and second moments of datasets 8) has been used to correct the heavy daily rainfall simulated by GCMs. However, scaling factors are statistically defined regardless effects of physical processes associated with particular weather patterns to be simulated. Results were found to be moderate in compared with those observed in the field 5) . This paper, following principles addressed in the literature 9) for downscaling large scale rainfall predicted by a weather prediction model with consideration of the effects of topography on heavy rainfall patterns, presents a statistical downscaling technology for the heavy daily rainfall projected by a global super-high-resolution climate model. Explorations are examined at nine observation sites in the Vu Gia-Thu Bon river basin in Central Vietnam. The study results are considered to be fundamental information in supporting river basin planning and management activities, one of adaptation strategies to climate change.
STUDY AREA AND METHODOLOGY (1) Study area
Located along the coastline of the Indochina Peninsular, Central Vietnam has been identified the most affected place by climate change and sea level rise. Observation shows that mean annual temperature had risen approximate 1 O C; and annual rainfall was found to increase about 30% in the late 20 th century 10) . It is obvious that while the global surface temperature keeps rising till the end of this century, the region is very likely to face significant changes in rainfall patterns in future.
With regard to extreme events, the region is frequently hit by tropical storms associated with intense widespread rainfall in wet seasons. As a result, the region usually experiences more extreme rainfall to other places. In future, though the number of tropical cyclones is projected to decrease, the associated rainfall tends to be extremely severe 11) , leading to the greater intensification of floods.
(2) AGCM20 model
With attempts for further understanding the future climate change, especially changes at local scales, a super-high-resolution atmospheric general circulation model with a 20-km-mesh, hereafter referred as AGCM20, has been developed through the collaboration between Japan Meteorological Agency (JMA) and Meteorological Research Institute (MRI). The state-of-the-art AGCM20 is considered the highest resolution global climate model among others that can stand long time integrations, given increases in computational power 12) . The model development is proposed following the principles used for an operational weather prediction model at JMA. In terms of physical parameterizations, however, the AGCM20 exhibits advantages over the present weather prediction model given the integration of tropical cyclones and orographic uplifts are included in the model formulation. The AGCM20 was designed to simulate the present-day climate and the future climate (2075-2099) when most extreme phenomena are expected to occur, as a result of significant temperature rise. For the present-day climate simulation, the model utilized mean monthly sea surface temperature (SST) observed in the same period of time for experimental boundary conditions. While the future simulation employed the SST data for model boundary conditions mostly based on those projected by the multiple model ensemble according to the scenario A1B simulation, which green house gas emission is estimated based on a balance consumption between fossil and non-fossil energy sources 11) .
Output from the AGCM20 is on grid-point-value basis, including surface and atmospheric variables with temporal resolutions of 3-hr and 6-hr respectively. These different resolutions are then aggregated for analyses on a daily basis. The study takes a convention that rainfall obtained from rain gages is reference rainfall. Analyses of intense rainfall are explored at 9 rain gauges measuring daily rainfall located in distinctly different altitudes
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within the basin boundary, as sketched in Fig.1. 
(3) Model bias correction
It's no doubt that the AGCM20 currently shows advantages over other coarse resolution GCMs with regard to the prognoses of local scale extreme events. Yet, there are always existing model intrinsic errors. Downscaling techniques have emerged as a gap bridging between climate model output and local scale or sub-grid impact analyses in which the statistical method has demonstrated a cost-effective downscaling technique 5, 13) . So far, many statistical downscaling methods have been proposed; and comprehensively reviewed in the literature 5) . With respect to downscaling heavy rainfall, the simplest form of a statistical downscaling model, known as a scaling factor method, is widely utilized
. Firstly, the method explores patterns of change in the ranked heavy daily rainfall projected by the climate models relative to those simulated in the present-day climate. Subsequently, these empirically formulated changes are then utilized to scale up those measured in the field in the present-day climate for the projections of the future extreme rainfall. Having said that the output from climate models is usually subject to significant uncertainties, especially the estimates of rainfall, the scaling factor method is supposed to bear the same order of uncertainties as well as the ignorance of potential changes in frequency of extreme events 14) . To overcome the shortcomings of the mentioned method, a statistical downscaling model proposed in this study attempts to correct the model bias, here, the ranked heavy daily rainfall simulated by the AGCM20, with consideration of effects of orographic uplifts on the evolution of heavy rainfall patterns, rather than a purely statistical adjustment of rainfall parameter itself. In this sense, the study area is often hit by tropical cyclones associated with low-level extremely moist airstreams. A mountain range (Fig.1) helps to enhance instability release of the coming airstreams; greater upward motions of the airstreams are often favorable for heavier rainfall. Together with rainfall variable, vertical pressure velocities simulated by the AGCM20 are defined most relevant predictor variables for formulating statistical relationships 9) . It is apparent that the invasion of tropical storms induced heavy rainfall patterns is in a range of 3 to 5 days in wet seasons, so that just consecutive rainy days of the same order with intensity greater than 10mm/day (defined as heavy rainfall days) and the associated vertical pressure velocities under the present-day climate conditions are selected as a dataset of predictor variables used to formulate statistical empirical relationships. The dataset is then randomly divided into two sub-datasets used for training and testing purposes of the downscaling model. A feed-forward artificial neural network (ANN) using error back-propagation weight update rule, which usually shows better learning skill than other linear regression methods, is then utilized to establish empirical relationships between large scale predictor variables and a local scale predictand variable. Details of the ANN structure, learning algorithm, and skills were described in the literature 9) .
RESULTS AND DISCUSSION (1) Downscaled heavy daily rainfall
To estimate the rainfall simulated by the AGCM20 at a certain location, for example, the location of a rain gauge, the inverse distance weighting method is used to interpolate rainfall information from nearby grids to this interested location. Simulated rainfall is first compared to those measured in the field to assess the model skill. A comparison of the ranked heavy daily rainfall shows that the AGCM20 simulates quite well the extreme rainfall. However, discrepancies are found regarding the under-and over-estimates of heavy and extreme rainfall respectively. This behavior is also observed differing between elevated locations (at Tra My with elevation of 360 m) and low-lying locations (at Da Nang with elevation of 120 m); the higher place the larger discrepancies are found, as seen in Fig.2&3 . This feature has been also detected for those predicted by the present weather prediction model operated by JMA 15) . The downscaling model, implemented with predictor variables including heavy daily rainfall and the associated vertical pressure velocities of the layer 500 hPa and 700 hPa (defined as relevant variables for downscaling the heavy rainfall, though that of the layer 850 hPa has been found the most significance, unfortunately, the diagnose of this variable is not included in the climate model output), exhibits an ability to correct the AGCM20 bias. Downscaled heavy daily rainfall in the present-day climate, in terms of quantile-quantile comparisons, shows good agreements with those derived from the actual observation, both for the training (Fig.3) and testing sub-datasets (Fig.4) . Most discrepancies has been corrected.
By assuming that the empirically formulated relationships are stationary under a changing climate, they are then applied to correct the future heavy rainfall projected by the AGCM20. show that moderate to extreme rainfall days (amount greater than 100mm/day) are projected to increase significantly, particular in the elevated locations (at Tra My gauge in Fig.5 ). 
(2) Changes in depth-duration-frequency
The downscaling method applied for heavy rainfall in this study neglects temporal bias corrections, so that downscaled results (rearranged in the order of occurrence) exhibit advantages for analyses of depth-duration-frequency based on annual maxima 1-, 3-, and 5-day rainfall. This helps to develop some kinds of design storm hyetographs, which is then used to simulate corresponding design floods. Average changes of future heavy rainfall of different return periods (T r ) relative to the present-day climate for each location are presented in Table 1 . Fig.6 illustrates spatial changes in the future extreme rainfall with 25-yr return period for the Vu Gia-Thu Bon River basin. Results indicate that intense rainfall is projected to rise at all locations (9 rain gauges). It is obvious that the heavy to extremely heavy rainfall (10-yr and 25-yr return periods) tends to increase more vigorously than those analyzed for 2-yr return period. In addition, significant increases in heavy rainfall are found in elevated locations (greater than 200m above the mean sea level), as clearly plotted in Fig.7 . It is found that in the last quarter of the century, rainfall extremes with 10-yr and 25-yr return periods in greater elevations, for example at Tra My gauge, will rise about 35% relative to the present-day climate; the frequency curve for 10-yr return period will greatly exceed those with 25-yr return period under the present-day climate conditions. Meanwhile, in the low-lying places along the coastline, increases in extreme rainfall exhibit a mild trend. It can be interpreted as the future cyclones are very likely to hold increased water content 11) . Once the cyclones pass a flat topography along the coastline where instability release of the coming moist airstreams is not as significant as when they are approaching the mountain range due to orographic effects. Thus, the heavier rainfall with higher portions of the increased water content is projected in the elevated places.
Having said that the AGCM20 was designed to project the global climate for the last quarter of this century, climate change is considered most vigorous as the increase in surface temperature is about Though the analysis of depth-duration-frequency has been performed for 25-yr return period, it should intend that it might represent for a longer return period given the most intense rainfall are supposed to occur in this quarter. Meanwhile, the MRI is about completing the experiment for a medium range climate projection by the AGCM20, until then further analyses of depth-duration-frequency will be explored.
CONCLUSION AND REMARK
This study has presented the projection of increases in future extreme rainfall (2075-2099) at a river basin in Central Vietnam based on a downscaling technology for the super-high-resolution climate model output, in efforts to support river basin planning and management activities under climate change conditions. Major findings are listed below: (1) The proposed statistical downscaling technology has demonstrated a great skill for model bias correction, here, the ranked heavy daily rainfall simulated by the climate model. (2) About 30% increases in future extreme rainfall is projected in middle range elevation places compared to the present-day climate . The heavy rainfall with 10-yr return period tends to exceed those with 25-yr under the present-day climate conditions. (3) In low-lying places along the coastline, extreme rainfall will be slightly increasing, approximately 10% relative to the present-day climate. (4) Though the analysis of depth-duration-frequency has been performed for 25-yr return period; however, it might represent for a longer return period given the most intense rainfall are supposed to occur in this quarter. There is intent that the AGCM20 output is deterministic, it seems difficult to quantify the range of uncertainties of projected results. Anyway, the state-of-the-art AGCM20 is regarded the most advanced climate model which performs a great ability in diagnosing the future climate at local scales; therefore, the study outcomes are fundamental information for adaptation to climate change. In the future study, it is planned to assess increases in runoff extremes and inundation extents for further exploration of the future flood risks at a river basin scale under a changing climate.
